tion Center, Bradenton, Fla. Fungal cultures were maintained on potato glucose agar (Difco).
Isolation of mutants. The mutagenesis procedure was based on the method of R. H. Olsen (personal communication). Approximately 3 ml of a 2 x 109 CFU/ml culture in the exponential growth phase was concentrated and incubated with 400 ,ul of 1-methyl-3-nitro-1-nitrosoguanidine (NTG) (Sigma Chemical Co., St. Louis, Mo.) per ml at 25°C for 30 min. The NTGexposed cells were centrifuged at 12,000 x g for 15 min at 25°C. The pellets were then suspended in a glucose minimal broth (VBG) (17) , supplemented with 0.02% vitamin-free Casamino Acids (Difco), 0.05 mM adenine (Sigma), and 0.05 mM uracil (Sigma), and incubated for 2 h at 25°C. The siderophore-deficient mutants were characterized by plating the NTG-exposed cells onto VBG supplemented with 1.25 mg of ethylenediamine-di-(o-hydroxyphenylacetic acid) (EDDA) (Sigma) per ml.
Purification of siderophore compound. Pseudomonas sp. strain BlO and Pseudomonas putida PPU3. were grown in 1-liter volumes in medium and incubated at 25°C for 24 h with vigorous shaking. The bacteria were removed by centrifugation (9,000 x g for 15 min) at 25°C, and the supernatant was collected, concentrated, and purified as described previously by Meyer and Abdallah (12 agar. The atomized plates were incubated at 25°C and evaluated after 48 h. Evaluation for fungal inhibition was determined by measuring the zone surrounding isolated colonies, zones measuring 2 to 10 mm, zones greater than 10 mm, and complete fungal overgrowth.
Plate growth studies. Growth promotion of Pseudomonas sp. strain B10 and P. putida strains by the siderophore compound was determined by the method of Cox and Graham (4). All bacterial isolates were grown on VBG medium and then tested for growth on VBG supplemented with EDDA. The iron chelator was incorporated into VBG agar at final concentrations of 0.31, 0.625, 1.25, 2.5, and 5.0 mg/ml. Plant growth studies. Tomato seeds (Lycopersicon esculentum Mill., "Bonny Best") were potted in a mixture of soil, peat, and perlite (2:2:1). The seedlings were grown in a growth chamber with a 16-h light cycle (95 microeinstein-2 s-5 m-2) at a temperature of 30°C during the daylight cycle and 21°C during the dark cycle with a relative humidity of 62%.
The seedlings were grown in the presence or absence of P. putida PPU3.1 for 10 days and subsequently treated (root dipped) or not treated by the method of Jones and Crill (7). All seedlings were grown in nonsterile or steam-sterilized soil, which was supplemented with P. putida PPU3.1 at 107 CFU/g of soil in some trials. Seedlings were divided into groups of 66 per treatment. The roots of 10-day-old seedlings were dipped into a suspension of F. oxysporum at 103 or 105 spores per ml of distilled water. All seedlings were then transplanted into sterile or nonsterile soil.
For evaluation purposes, typical disease progression symptoms of stunting, chlorosis, and wilt were noted. However, only the most severe condition, wilt, was reported. Root association assay. The ability of P. putida PPU3.1 to associate with plant roots was tested by planting the tomato seed (cultivar Bonny Best) in sterile or nonsterile soil containing 107 CFU/g of soil.
Plants were grown as described above. After 10 days, the seedlings were removed from the soil, and the roots were washed thoroughly in sterile distilled water. The roots were severed at the soil line, weighed, and macerated. Dilutions of this slurry were plated onto Pseudomonas Agar F containing streptomycin sulfate (Sigma) at a concentration of 1,000 ,ug/ml.
RESULTS
Initial growth studies in low-iron media were conducted with several different Pseudomonas strains in the presence of the iron chelator, EDDA. Of the P. putida strains examined, all strains grew at 1.25 mg of EDDA per ml, whereas only P. putida PPU3. and P. putida ATCC 12633 were able to form colonies at the 2.5-mg/ml level. Through NTG mutagenesis, siderophore-producing and transport-deficient strains were obtained. P. putida PPU3.3, a productionnegative mutant, was nonfluorescent and unable to grow in the presence of EDDA at any concentration tested. P. aeruginosa PAO1c was the only strain able to form colonies at an EDDA concentration of 5 mg/ml. The remaining strains, Pseudomonas sp. strains PSP1., PSP2., B10, Fp, I24, and I17, grew poorly or were unable to grow in the presence of EDDA. All strains were able to grow in the presence of ferric EDDA (Table 2) .
Growth studies in the presence of EDDA (Table 3) .
Culture supernatants of Pseudomonas sp. strain B10 and P. putida PPU3. were extracted, purified, and compared by thin-layer chromatography. The Rf values of these iron-chelating compounds were 0.6 and 0.5, respectively, with solvent A. This material was eluted and tested for the ability to inhibit fungal growth; a control sample comnplexed with ferric nitrate was also utilized. The purified chelating compound inhib- steam-sterilized soil, the disease symptoms appeared at 56 and 91%, respectively. Growth of the susceptible cultivar in the presence of P. putida PPU3.1, followed by exposure to the F. oxysporum forma sp. lycopersici spores at concentrations similar to those of treatments B and C (Table 4 ), demonstrated that growth in the presence of the bacterium significantly reduced the disease symptoms in plants by 15 and 42%, respectively, in nonsterile soil (Table 4) . In steam-sterilized soil, the disease symptoms were reduced 48 and 50%, respectively. Plating of washed roots from plants grown in the presence of P. putida PPU3.1 demonstrated that the strain was able to associate with root tissue (106 CFU/g). P. putida PPU3.1 had no apparent deleterious effects on plants. No fluorescent pseudomonads were observed in the uninoculated soil when dilutions of the soil were plated onto Pseudomonas Agar F containing streptomycin sulfate at a concentration of 1,000 ,ug/ml. DISCUSSION Growth studies (Table 2) showed that pseudomonads differ in their ability to overcome the inhibitory effects of the iron chelator, EDDA. P. putida PPU3. and P. putida ATCC 12633 grew, whereas most of the Pseudomonas spp. were unable to form colonies in the presence of higher concentrations of EDDA. Recent reports have described the purification of several siderophore molecules produced by various pseudomonads (4, 8, 12, 13) . These siderophores differ with respect to their molecular structure. Some possess phenolic groups, whereas others have hydroxamates (4, 13). Pseudomonas sp. strain B10 produces the siderophore molecule pseudobactin (8), which appears to have a lower ironbinding ability than the compound produced by P. putida PPU3. This is suggested on the basis of comparative growth studies in the presence of increasing concentrations of EDDA (EDDA binding coefficient, 1039) (4) .
A comparison of P. putida PPU3. with Pseudomonas sp. strain B10, previously identified as having antifungal properties associated with pseudobactin, demonstrated that both isolates had the ability to inhibit a variety of phytopathogenic fungi (Table 3) . However, the production mutant P. putida PPU3.3 was unable to grow in the presence of EDDA and did not inhibit any of the fungal strains. This suggested that the iron chelation effect of the siderophore produced by P. putida PPU3. was responsible for fungal inhibition. Antifungal activities have also been associated with small peptides (syringomycin and syringotoxin) produced by Pseudomonas syringae (5, 6) . However, these peptides have not been associated with any iron-chelating property.
Growth of tomato seedlings in the presence of P. putida PPU3.1 demonstrated its association in the rhizosphere of the plants and provided protection against challenge with F. oxysporum forma sp. lycopersici at spore densities of 103 and 105. The interaction of the bacterial isolate with tomato plants and its affinity for roots is analogous to other Pseudomonas spp. which have been shown to have rhizosphere competence (10) .
Examination of purified extracts of P. putida PPU3. and Pseudomonas sp. strain B10 by thinlayer chromatography demonstrated that the two compounds were different from each other.
Other investigators have shown that pseudomonads produce several types of siderophore molecules that differ in their structure and ability to bind iron (4, 9, 12, 13, 15) .
The utilization of strains that are able to associate with root tissue and also possess strong fungal inhibitory abilities by biochelation of iron may be useful in the biological control of fungal plant diseases.
